Introduction
Food fermentative artisans, especially in Far-East Asia, typically involve nuruk (traditional Korean fermentation starter)-mediated transfer of requisite microflora in a fermentative bioprocess, engendering the concomitant colonization of substrate materials by a range of mold species [1] . In some cases, the immediate environment surrounding the fermentation facilities (viz., air, bamboo shelves, trays), and even the unprocessed substrate itself may serve as the source of spontaneously colonized microflora [2] . Recently, a repertoire of mold genera, including A. oryzae (koji mold), has been isolated from wheat bran and rice straw employed as nuruk [3, 4] . Hence, we conjecture the indispensable volatile organic compound (VOC)-mediated interactions (VMI) among the ecotype species colonizing a particular growth matrix. Multiple studies have highlighted the VMI between the moldprokaryote [5] , mold-plants [6, 7] , and prokaryote-prokaryote species [8] ; however, the role of VOCs in shaping moldmold interactions has rarely been addressed.
The VOCs potentially orchestrate the community dynamics per se, affecting the microbial growth, metabolism, and associated phenotypes [9] . Recently, Briard et al. [10] have
(S1 subjected to VMI with S2) and its control (S1 
< S1
C o n demonstrated the growth stimulatory effects of VOCs from Pseudomonas aeruginosa on pathogenic fungus Aspergillus fumigatus, suggesting an interspecies communication between the distant organisms colonizing a common niche. Similarly, a common VOC (i.e., 1-octen-3-ol) in the headspace of various mold species is reported to inhibit conidial germination through reversibly interfering the growth and physiology of fungi [11] . However, a minimum critical concentration or the blends of C-8 VOCs are hypothesized to affect conidia germination in A. flavus [12] . The C-8 volatile compounds are reportedly generated through either the loss or downregulation of fatty acid oxygenase-producing genes essential for mold growth, morphogenesis, and secondary metabolism [13] . Hence, the potential infochemical roles of VOCs need to be illustrated to comprehend the microbial community dynamics and successions in formulated matrices, including the fermented foods. Previously, we have reported the comprehensive metabolite profiles for the rice koji fermented using A. oryzae KCCM 60345 in comparison with its other strains [14, 15] . Considering the VMI between two commercially important A. oryzae strains (S1: A. oryzae KCCM 60345, and S2: A. oryzae KACC 44967), we selectively highlighted the effects of VOCs on the growth, metabolism, and associated phenotypes of strain S1. Herein, we designed a twin plate assembly to ensure the VMI between selected strains of A. oryzae followed by a time-correlated gas chromatography-timeof-flight-mass spectrometry (GC-TOF-MS) analysis of the affected exometabolomes using suitable controls. Assuming that the VOCs would likely accumulate in the headspace, we performed head space solid-phase microextraction (HS-SPME) GC-TOF-MS analysis for volatiles. We assume that an evaluation of VOC profiles and their potential effects on the growth and exometabolomes of A. oryzae can help rationalize the strain selection towards optimal food fermentative or industrial bioprocesses.
Materials and Methods

Chemicals and Reagents
The HPLC-grade acetonitrile (ACN), ethyl acetate (EA), dichloromethane (DCM), methanol (MeOH), and water were purchased from Fisher Scientific (USA).
Aspergillus oryzae Strains, Growth Medium Compositions, and Twin Plate Assembly
The strains of A. oryzae KCCM 60345 (S1) and A. oryzae KACC 44967 (S2) were procured from the Korean Culture Center of Microorganisms (KCCM) and the Korean Agricultural Culture Collection (KACC), Republic of Korea, respectively. Both strains were cultivated on modified WATM agar medium (Composition: yeast extract (2 g/l); peptone (3 g/l); dextrose (1 g/l); sucrose (20 g/l); corn steep solid (5 g/l); NaNO 
·7H
2 O (0.01 g/l); pH~5), adapted originally from Wickerman [16] . The strains were pre-cultured in malt extract agar for 14 days and harvested fresh. An inoculum size of 10 μl (1 × 10 6 spores/ml) was centrally inoculated for both the strains in the twin plate assembly. The cultures were incubated at 28°C for 11 days under standard laboratory conditions.
We designed a twin plate assembly by coupling two petri plates (P1 × P2) of regular size (100 mm × 15 mm) to ascertain the VMI between experimental strains. Here, plate 1 (P1) was inoculated with strain S1
(KCCM 60345), with the lid having a fixed number of pores for allowing the VOC exchange with strain S2
(KACC 44967) cultured in plate 2 (P2) without a lid. Crosscontamination between the cultures (S1×S2) in the twin plates was prevented through externally covering the lid of P1 with autoclaved filter paper (0.2 μm, diameter 100 mm; Whatman; Millipore, USA) matching its radial dimensions. The twin plates (P1 × P2) were assembled face-to-face following the respective inoculations and sealed with paraffin wax at the rims. In this study, we exclusively focused on the effects of VMI on strain S1 (i.e., A. oryzae KCCM 60345), and the respective control (S1
) was maintained without culturing the partner strain (S2) in the twin plate assembly (Fig. 1A) . All experiments were carried out with three biological replicates. The cultures were harvested regularly from 0-11 days (0, 3, 5, 7, 9, and 11 D, where D = incubation days).
Growth Profiling for A. oryzae KCCM 60345 (S1
and S1
C o n ) The effects of VMI on the growth profile of A. oryzae KCCM 60345 were examined through measuring the radial growth radii of the regularly harvested cultures. An average of growth radii from three biological replicates was considered to express the growth profiles.
Sample Extractions
Extraction for enzyme activity assays. The timely harvested (0-11 days) fungal samples (i.e., A. oryzae KCCM 60345) were immediately subjected to crude enzyme extraction using the methods adapted from Chancharoonpong et al. [17] . The fungal biomass was stirred with 0.1 M phosphate buffer (pH 6.9) at equal ratio (1:1 (w/v)) for 4 h at room temperature. Then, the suspended biomass was centrifuged (13,000 ×g, 10 min, 4°C) and the supernatant was collected for enzyme assays.
Extraction for antioxidant activity assays and metabolic profiling. The sample extraction procedure for antioxidant assays and metabolite profiling was partially adapted from Frisvad et al. [18] . The fungal biomass was treated with liquid N 2 and ground using a pestle and mortar. The samples were mixed with equal proportions (1:1 (w/v)) of extraction solvent (CH ). Selectively, S1
was studied for the effects of VOC-mediated interactions in comparison with its control strain S1 bath. The samples were centrifuged (5,000 ×g, 10 min, 4°C) and the supernatants were collected. Finally, the supernatants were dried using a speed vacuum sample concentrator (ModulSpin; Hanil Scientific, Korea), weighed, and appropriately diluted (10 mg/ml), depending on the analyses. Extraction of VOCs using headspace-solid phase microextraction. The HS-SPME was performed for three biological replicates of A. oryzae samples undergoing VOC trade-offs while cultivating in the twin plates. An equal biomass (5 pieces × 17 mm diameter agar) from the actively growing cultures was removed from the twin plates and transferred for 30 min pre-incubation in sealed 20 ml scintillation vials. Immediately, the HS-SPME of VOCs from S1
(S1×5 pieces + S2×5 pieces), S1
C o n (S1×5 pieces + agar×5 pieces), and S2 C o n (S2×5 pieces + agar×5 pieces) were performed using carboxen/polydimethylsiloxane fiber (75 μm) (Supelco Inc., Sigma-Aldrich, USA). HS-SPME of the VOCs was performed by exposing the fiber to the plugged cultures for 5 h at 30°C in sealed 20 ml vials. Following the extraction, the fiber was pulled into the needle sheath and immediately inserted into the GC injection port (270°C) for thermal desorption for 5 min. The extraction procedure for VOCs was partially adapted from the method described by Sun et al. [19] .
Analysis of Biochemical Phenotypes
Estimation of enzyme activities. The estimations of protease and amylase activities in crude extracts of A. oryzae KCCM 60345 (S1
C o n ) were made using the methods adapted from Bernfeld [20] and Kum et al. [21] .
Estimation of antioxidant activities. The estimation of antioxidant levels in the solvent extracts from A. oryzae KCCM 60345 (S1
C o n ) was made using DPPH (2,2-diphenyl-1-picrylhydrazyl) assays using the protocol partially adapted from Dietz et al. [22] .
Analysis of Metabolomes: GC-TOF-MS
Analysis of exometabolomes. Prior to the GC-TOF-MS analysis, the sample analytes were derivatized using a two-step derivatization process. First, the dried extracts (10,000 ppm) were mixed with 50 μl of methoxyamine hydrochloride (20 mg/ml in pyridine) and incubated for 90 min at 30°C. Then, 50 μl of N-methyl-N-(trimethylsilyl) trifluoroacetamide was added and the reaction mixture was incubated at 37°C for 30 min. The resulting samples were subjected to GC-TOF-MS analysis using an Agilent 7890A GC system with an Agilent 7693 autosampler (Agilent, USA), hyphened with a Pegasus HT TOF-MS (Leco Corporation, USA). The analytes were separated on a RTx-5MS (fused silica) column with dimensions of 30 m × 0.25 mm i.d. × 0.25 μm (J&W Scientific, USA), using helium at the flow rate of 1.5 ml/min as the carrier gas at splitless mode. The injector and ion source temperatures were maintained at 250°C and 230°C, respectively. The column temperatures were ramped as follows: first, 75°C for 2 min, elevated to 300°C at the rate of 15°C/min in the next 20 min, and maintained as such for the final 3 min of the run cycle. The MS scans were recorded in the mass range of 50-500 m/z at the rate of 10 scans/sec. The GC-TOF-MS analysis was performed on three biological replicates for each time point of the sample harvest. The analytical samples were analyzed in blocks of 10 runs with an intermittent QC (quality control sample, with 10 μl pooled blends from all samples) run. The analytical samples were randomized in each block.
Analysis of VOCs. The GC-TOF-MS instrumentation involved in this step were similar to those described above. The splitless GC run program was configured as follows: initially maintained at 85°C for 3 min, elevation to 110°C and 120°C in the next 3 min for each before achieving the final run temperature of 270°C in 10 min at the rate of 10°C/min. The rest of the parameters were similar to those described in the previous section.
Data Processing and Statistical Analysis
The raw data files from GC-TOF-MS analysis were converted to netCDF (*.cdf) format using ChromaTOF software (LECO Corp., USA) followed by data preprocessing for retention time (RT), normalized peak intensities, and accurate mass using MetAlign software (http://www.metalign.nl). The multivariate statistical analysis for aligned GC-TOF-MS datasets was carried out using SIMCA-P+ software (ver. 12.0; Umetrics, Sweden). Principal component analysis (PCA) and partial least square projection to latent structures -discriminant analysis (PLS-DA) were employed to highlight the variations in exometabolomes between the A. oryzae KCCM 60345 (S1
C o n ) samples. The significantly discriminant metabolites among the time-correlated metabolic datasets were selected on the basis of variable importance in the projection values at VIP > 0.7 and p < 0.05. The GC-TOF-MS determined metabolites were putatively identified through comparing their RT and mass fragment data (MS) with available databases namely, National Institute of Standards and Technology (NIST) database (ver. 2.0, 2011; FairCom, USA), Wiley Registry of Mass Spectral Data (8th and 9th Ed.), VocBinBase [23] , and our inhouse library of standard compounds. The heat map based on processed and aligned GC-TOF-MS data was visualized using MeV software (ver. 4.8, multiple array viewers, TM4).
Results and Discussion
Considering that VOCs act as the infochemicals mediating the interactions and induced response (i.e., growth, metabolism, and phenotypes) among the proximally colonized colonies, we designed our study to selectively examine the effects of VMI on A. oryzae KCCM 60345 (strain 1, S1
C o n ) sharing the headspace VOC with A. oryzae KACC 44967 (strain 2).
Effects of VMI on the Growth Rates of A. oryzae KCCM 60345 (S1
C o n ) The proximal growth environment in the twin plate assembly exclusively allowed VMI between S1 and S2, with VOC trade-offs across the filter paper and perforated lid. Notably, we observed relatively slower growth rates for A. oryzae KCCM 60345 S1
compared with S1
C o n during the exponential growth phase (Figs. 1B and 1C) . Since the mycelial growth is limited to the culture plate internal dimensions, the morphological examination of growth rates only showed up to 9 D of incubation. A marked disparity in the average radial growth rates for 5 D incubated samples was observed with S1
(53.7 ± 2.35 mm) that showed slower growth rates than S1
C o n (63.4 ± 1.5 mm). However, the growth rates were gradually matched during the later stages of incubation (7 D onwards). Previously, it has been reported that VOCs emitted from certain yeast and bacterial species show growth inhibitory activities against sapstain fungi [24] . The authors identified the inhibitory effects for VOCs (viz., dimethyl disulfide, trimethyl trisulfides, and certain ketone derivatives). However, we presume that the VOCs of mold origin are different in composition compared with those from yeast and prokaryotes. In general, the C-8 VOCs are ubiquitously abundant in the headspace of fungi and reportedly inhibit conidia germination, membrane permeability, intracellular pH, and protein composition [11] . Furthermore, the authors concluded that "1-octen-3-ol" interferes in spore germination through reversibly affecting the metabolic processes and imbibition. Hence, we proceeded with evaluating the effects of VOCs on associated biochemical phenotypes for S1 (S1
C o n
).
Effects of VMI on biochemical phenotypes of A. oryzae KCCM 60345 (S1
C o n ) The volatile interactions among the microbes are variously reported to influence the growth, morphogenesis, metabolite production, as well as enzyme expression [25, 26] . In the present work, we studied the effects of VMI on A. oryzae KCCM 60345 (S1
). A. oryzae (koji mold) is industrially important owing to its overwhelming extracellular secretion of hydrolytic enzymes, including amylases and proteases. We observed a notable disparity in the activity of secreted enzymes (proteases and amylases) synchronous to the differences in growth rates ( Figs. 2A  and 2B ). The protease activity increased temporally in both S1
C o n with notably higher activity for 3 D and 5 D S1
extracts ( Fig. 2A) . Reportedly, the production of VOCs (especially C-8 compounds) is triggered by the repeated freeze-thaw treatments reversibly compromising the membrane permeability in molds [12] . Hence, we conjecture that the relatively higher protease activity for 5 D incubated S1
compared to S1
C o n extracts was potentially influenced by higher membrane permeability for active enzymes as well as free amino acids. Previously, "1-octen-3-ol" has been reported to influence membrane and S1
Here, the data represent the mean ± SD of the triplicates representing three biological sets for each sample extract.
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permeability in a reversible manner [11] . Unlike proteases, the relative amylase activities were higher for 3 D and 5 D incubated S1
C o n extracts compared to S1
, and the overall amylase activity peaked during the early stages of A. oryzae growth and fell sharply during the later ones (Fig. 2B) . The early production of amylases in log phase of growth can be attributed to its function to mobilize free sugars and monosaccharides required as C-source by molds. Although the direct correlation between VOC abundance and observed amylase activity can not be drawn at present, a reciprocal relationship between the secreted amylases and the VOCs generated during soy fermentation (doenjang) is reported [21] . The authors have proposed an explicit correlation between the temporal variations of amylase activity and the VOCs derived through sugar degradation (viz., 2-methylpyrazine, 3-hydroxy-2-methylpyran-4-one, and furan-2-carbaldehyde etc.). Hence, it can be assumed that VOC profiles are directly affected by the enzymatic states of a mold, which in turn potentially regulate enzyme expression or secretion by fungi.
Considering the importance of antioxidant levels both commercially and ecologically towards fungal growth and survival, we examined the variations in antioxidant levels for S1, A. oryzae KCCM 60345 (S1
C o n
). We observed that the DPPH activity determined antioxidant levels for S1
were marginally different, with the highest antioxidant activity recorded between 5 D and 9 D incubated samples representing the late-log and stationary stages of mold growth (Fig. 2C) . Since the antioxidant activities are largely determined by the contemporary metabolic states (i.e., exometabolomes of an organism), we carried out metabolic profiling for further interpreting the phenotypes.
Effects of VMI on Exometabolomes of A. oryzae KCCM 60345 (S1
C o n ) An analysis of untargeted metabolomes associated with an organism indicates its functional states undergoing incessant molecular trade-off with its immediate environment, concomitantly affecting its growth rates and associated phenotypes. The temporal (0 D-11 D) GC-TOF-MS-based metabolic profiling of the strain 1 (S1
C o n ) extracts subjected to VMI with an ecotype strain (S2, A. oryzae and S1
C o n extract datasets separated along PC1 and PLS1 in each case (Fig. 3) . Furthermore, we putatively identified 43 significantly discriminant metabolites (9 organic acids, 12 amino acids, 7 sugar and sugar derivatives, 4 fatty acids, 6 miscellaneous, and 4 non-identified metabolites), contributing maximally to the observed variance between the S1
C o n datasets using the PLS-DA model, at VIP > 0.7 and p < 0.05 ( Table 1 ). The disparity in the relative levels of the putatively identified metabolites is indicated by the heat map (Fig. 4) . We assume that subtle metabolic alterations among microbial species subjected to VMI are often arduous to examine owing to the spatiotemporal variability in VOC production rates and distribution. In the present study, we theoretically synchronized the variability in the growth rates with corresponding time-correlated exometabolomes. Intriguingly, a higher disparity in the relative abundance of metabolites was observed between the log and late-log phase incubated S1
C o n sample extracts. In particular, a relatively higher abundance of most amino acids and selected organic acids (succinic acid, malic acid, lactic acid) was recorded for 5 D incubated S1 . Exceptionally, the levels of kojic acid were significantly higher in 5 D and and S1) extracts. 
D S1
C o n extracts, with a relatively negligible production in S1
during the entire course of experiment. Most of the temporal metabolite levels (sugar and sugar derivatives, fatty acids, miscellaneous, and non-identified) were observed to be approximately similar between S1
C o n extracts. Although we lack any evident studies that can correlate VMI between two fungi of similar species resulting in altered metabolomes, it has been reported that the most common VOCs like 1-octen-3-ol, (E)-2-hexenal, and 1-hexanol have growth inhibitory effects [27] . As described previously, Chitarra et al. [11] have reported that C-8 VOCs affect mold growth and conidiation through reversibly affecting the metabolic processes and membrane permeability. Hence, it can be argued that the observed higher abundance of amino acids for log phase (5D incubated) S1
sample extracts was maneuvered by overall VOCs (S1-VOCs + S2-VOCs) accumulated in the common headspace in the twin plate assembly. In addition to the marginal but notably higher extracellular protease activity for 5 D S1
( Fig. 2A) , the higher abundance of amino acids can be linked to the reportedly altered membrane permeability by VOCs.
Another point noteworthy involves the relatively lower abundance of kojic acid in S1
extracts compared with S1
C o n . Reportedly, the kojic acid biosynthesis in Aspergillus genus is regulated by the laeA gene, whose expression is negatively regulated by factors like protein kinase A and Ras A [28, 29] . Since protein kinase A and Ras A also negatively affect sporulation in Aspergillus, we assume that the VOC that impeded sporogenesis and growth rates in S1
might have maneuvered the laeA functional regulators, negatively affecting the kojic acid production. However, our point is purely a theoretical conjecture that needs to be substantiated through further genome-scale experiments.
HS-SPME-GC-TOF-MS Analysis of VOCs Shared between S1 and S2
Considering the notable effects of VMI on the growth and metabolism of 5 D incubated S1
, we analyzed the VOCs shared in the headspace between S1 (A. oryzae KCCM 60345) and S2 (A. oryzae KACC 44967). The VOCs from the respective controls (S1 ) without the partner strain in the twin plate were also evaluated to relate the respective source strains. Overall, we examined 17 different VOCs with 13 identified (5 alcohols, 5 ketones, 1 organic acid, 1 monoterpene, two other organic compounds) and four remained non-identified (Table 2) . Among the various VOCs, eight compounds from the headspace of S1
were assumed to affect the observed variance in growth and metabolic profiles of S1
C o n . In particular, the C-8 volatile occurs almost ubiquitously in the fungal headspace and is characteristic of distinct odors ranging from molds to mushroom [30] . Often categorized as volatile oxylipins, the C-8 alcohols are reported to have semiochemical functions, aiding the fungal interactions [27] . We observed "1-octene-3-ol" as the most abundant VOC from the headspace of S1 (S1
, with no traces detected from S2 C o n , indicating that it has originated S1 only and has self-inhibitory effects on growth rates beyond a critical concentration, as suggested previously by Chitarra et al. [11] . Interestingly, another C-8 VOC (i.e., 3-octanone) was found only in S1
cultivation, and is reported to have conidiation effects in non-conidiating fungi [31] . Hence, it can be asserted that beyond the critical concentrations of individual volatile oxylipins, it is the relative proportion of various VOCs that potentially determine the growth and metabolism of interacting fungi. Similarly, 2-ethyl-1-hexanol is reported to induce growth inhibitory effects on fungal growth mycelium and sclerotia formation in some mold species [32] . A number of VOCs in the fungal headspace are produced in minor quantities and are relatively unstable, with their physiological functions not completely understood; hence, further studies are needed to establish the findings. However, it has well been established that the developing fungal mycelia and reproductive bodies respond to a variety of abiotic and biotic factors in their immediate environment through chemical cues, including the low molecular weight and low vapor pressure entities (i.e., VOCs).
A comprehensive evaluation of VOCs and their effects on growth, metabolism, and associated phenotypes of interacting species can address the fundamentals of fungal-fungal proximal interactions in common niche environments, including food matrices. Based on the number of seminal studies and our present results, we concluded that intraspecies interactions between A. oryzae species are spatiotemporally regulated through the production of VOCs and their cryptic functions. In particular, the C-8 VOCs are described in recent years as the active semiochemicals whose proportions and blends have vital effects on fungal growth and sporogenesis. In addition to the distinct growth rates, an observed disparity in the extracellular enzyme secretion, antioxidant states, and metabolic profiles indicated the subtle effects of VMI. Hence, a mechanistic understanding of fungal interactions and their extracellular signaling cues can help in building efficient cultivation systems, including optimal fermentation designs towards the efficient harness of mold species. Table 2 . List of putatively identified VOCs analyzed using HS-SPME-GC-TOF-MS from the headspace of S1 
